Abstract. Insulin resistance occurs in almost all patients with non-alcoholic fatty liver disease (NAFLD), and mitochondrial dysfunction likely plays a pivotal role in the progression of fatty liver into non-alcoholic steatohepatitis (NASH). Curcumin is a compound derived from the spice turmeric, a spice that is a potent antioxidant, anti-carcinogenic, and anti-hepatotoxic agent. The aim of this study was to analyze the ability of curcumin to protect against the mitochondrial impairment induced by high free fatty acids (HFFAs) and to determine the underlying mechanism for this cytoprotection. Curcumin treatment inhibited the lipoapoptosis, ROS production and ATP depletion elicited by HFFA in primary hepatocytes. We demonstrate that curcumin effectively suppressed HFFA-induced production of phosphoenol pyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) in hepatocytes. Not only did curcumin treatment increase mitochondrial DNA (mtDNA) copy number in hepatocytes, but it also increased levels of transcriptional factors that regulate mitochondrial biogenesis, including peroxisome proliferator-activated receptor-γ coactivator 1α (PGC1α), nuclear respiratory factor 1 (NRF1) and mitochondrial transcription factor A (Tfam). In addition, curcumin contributed to cell survival, as indicated by the restoration of the mitochondrial membrane potential (MMP) and the inhibition of the mitochondrial biogenesis induced by HFFA. Furthermore, this cytoprotection resulted from curcumin-mediated downregulation of the NF-κB p65 subunit, thereby inhibiting lipoapoptosis. Together, these data suggest that curcumin protects hepatocytes from HFFA-induced lipoapoptosis and mitochondrial dysfunction, which partially occurs through the regulation of mitochondrial biogenesis.
Introduction
Non-alcoholic fatty liver disease (NAFLD) has emerged as a substantial public health concern. This syndrome is characterized by steatosis in hepatocytes and elevated serum levels of free fatty acids (FFAs) (1) . Although the mechanisms responsible for fatty liver are not fully elucidated, an increased delivery and transport of FFAs into the liver, and augmented hepatic fatty acid synthesis are likely to play a significant role in the pathogenesis of NAFLD. Liver cell apoptosis is a prominent feature of NAFLD and correlates with disease severity (2) . The toxicity of lipids, or lipotoxicity, and specifically, lipid-induced apoptosis, or lipoapoptosis, is a potential mechanism relating apoptosis to NAFLD. Hepatocellular lipid accumulation is thought to simultaneously stimulate mitochondrial fatty acid oxidation and the production of ROS, thereby promoting lipid peroxidation and damage of mitochondrial DNA (mtDNA) (3) . Abnormal morphological changes in liver mitochondria have been observed in patients and animal models with non-alcoholic steatohepatitis (NASH) (4) . There is also growing evidence that FFA-mediated oxidative stress contributes significantly to mitochondrial dysfunction in the liver. Therefore, designing therapies that prevent mitochondrial dysfunction stands to be one of the most important strategies in for treating of NAFLD and its complications.
Despite the high prevalence of NAFLD and its potential to cause serious liver injury, the current therapies for NAFLD are limited. Hence, developing new therapeutic intervention is a prerequisite in the treatment of NAFLD. Curcumin has recently received attention as a promising dietary supplement for liver protection (5) . These recent studies showed that curcumin inhibited HSCs activation, and suppressed hepatic fibrogenesis in vitro and in vivo (6, 7) . In addition, curcumin eliminated the effects of leptin on the activation of HSCs in vitro by reducing the phosphorylation level of the leptin receptor (Ob-R), leading to the suppression of Ob-R gene expression and the interruption of leptin signaling (8) . Curcumin also exerts potential anti-inflammatory effects in diverse cell types, including pancreatic cells, chondrocytes, and hepatic cells (9, 10 , HEN-HONG CHANG  1-3 , TUNG-HU TSAI  1 and TZUNG-YAN LEE with FFA-induced insulin resistance. Although these suppressive effects of pro-inflammatory signaling pathways might be involved in the pathogenesis of lipotoxicity, there is no evidence that curcumin is an anti-lipoapoptosis agent against FFA-induced mitochondrial dysfunction in hepatocytes.
The overall objectives of this study were to examine whether curcumin has a protective effect on HFFA-induced lipoapoptosis in hepatocytes and to explore the possibility of a mechanistic link between oxidative stress and mitochondrial dysfunction. We showed that HFFA-induced obvious lipoapoptosis and mitochondrial dysfunction in primary hepatocytes. Following curcumin treatment, mitochondrial morphology and biogenesis, as well as the mtDNA copy number, were altered. Decreased levels of intracellular ROS and attenuated loss of the mitochondrial membrane potential (MMP) may have contributed to the hepatoprotection.
Materials and methods
Cell culture. Hepatocyte isolation was performed as described previously (12) . Hepatocytes were seeded at 5x10 6 /dish in 10-cm culture dishes, and used at 70-80% confluence. The cells were maintained at 37˚C with humidified air in a 5% CO 2 /95% air atmosphere. Hepatocytes were incubated with HFFA, which were prepared according to a slightly modified method described by Kohli et al (13) . Curcumin (purity >94%) was purchased from Sigma (St. Louis, MO). Confluent cells were incubated in HFFA medium and with or without curcumin with the appropriate experimental conditions for the indicated time points.
Cellular triglyceride assay and Oil-Red O staining. Cellular lipids were extracted according to the method described by Folch et al (14) . The intracellular triglyceride content was measured with a diagnostic triglyceride reagent kit according to the manufacturer's instructions (Antrim, UK). After treatment, cells were washed with ice-cold PBS twice and fixed in 4% paraformaldehyde for 15 min. The cells were rinsed with 50% isopropanol once and stained with Oil-Red O for 15 min. Finally, the coverslips were washed and analyzed using light microscopy. Hematoxylin was used as a counterstain.
RNA isolation and real-time PCR analyses. Total-RNA was extracted from the hepatocytes using the guanidinium-phenolchloroform method. Total-RNA (5 µg) was reverse-transcribed using the RevertAid™ First Strand cDNA Synthesis kit according to the manufacturer's protocol. The cDNA was amplified using the TaqDNA polymerase kit (Vilnius, Lithuania). RT-PCR products were separated by electrophoresis on a 3% agarose gel and were quantified by the ImageQuant 5.2 software (Healthcare Bio-Sciences, Philadelphia, PA). Real-time PCR was performed with a LightCycler 1.5 apparatus (Roche Diagnostics, Mannheim, Germany) using the LightCycler FastStart DNA MasterPLUS SYBR-Green I kit according to the manufacturer's protocol. Mitochondrial DNA copy number was determined by real-time PCR as previously described (15) .
Western blotting. Cell lysates were separated by SDS-PAGE and transferred onto a PVDF membrane. The membrane was blocked with blocking buffer containing 5% non-fat milk, 50 mM Tris (pH 7.6), 150 mM NaCl and 0.1% Tween-20 (TBS-T) for 1 h at room temperature. The membrane was then incubated with various primary antibodies for 8 h at 4˚C and subsequently with HRP-linked secondary antibodies for 1 h at room temperature. The signals were detected using an ECL kit and were quantified by the ImageQuant 5.2 software.
Mitochondria mass and DNA assay and mitochondrial respiratory complexes and ATP measurement. Mitochondria mass were detected according to the method of Tedesco et al (16) . Hepatocytes seeded onto glass coverslips were incubated with 100 nM MitoTracker Red 580 (Invitrogen, Carlsbad, CA). After incubation for 30 min at 37˚C, coverslips were rinsed and washed. DAPI was used for nuclear staining. Finally, the cells were fixed in 4% paraformaldehyde for 15 min and visualized using a microscope. The activity of the mitochondrial respiratory complex was analyzed as described (17) . The ATP content of hepatocytes was measured with the ATP bioluminescence assay kit HS II according to the manufacturer's protocol (Mannheim, Germany). The luminescence value was normalized by protein concentration and the luminescence ratio was compared with the HFFA-free group.
Flow cytometry for ROS and mitochondrial membrane potential assay. Hepatocytes were incubated with 10 M DCFH-DA (Molecular Probes, Inc., Eugene, OR) at 37˚C for 40 min before the termination of treatment. Cells were washed and scraped gently with ice-cold PBS. DCF fluorescence was then detected according to the manufacturer's instructions. The mean fluorescence intensity of JC-1 (BD™ MitoScreen kit) was measured to determine the MMP. Treated cells were collected and resuspended at a concentration of 1x10 5 /ml in PBS containing 1 g/ml JC-1, and were incubated at 37˚C for 30 min. Samples were analyzed by flow cytometry using a FACSCalibur (BD Biosciences). The data are presented in terms of relative fluorescence percentage.
Immunofluoresence staining. Hepatocytes (1x10 3 cells) were cultured on glass coverslips. After incubation with HFFA and with or without curcumin, the cells were fixed in 4% paraformaldehyde for 15 min, washed with ice-cold PBS and blocked with 7.5% normal goat serum for 30 min at room temperature. After washing with ice-cold PBS twice, the cells were incubated with anti-PEPCK, anti-glucose-6-phosphatase (G6Pase), anti-NF-κB antibodies for 1 h at room temperature. After washes with ice-cold PBS twice, the cells were incubated with diluted FITC-conjugated secondary antibody for 1 h at room temperature. In addition, DAPI was used for nuclear staining. The slides were mounted in mounting medium and visualized using a microscope (Olympus, Japan).
Statistical analysis. Data are presented as the mean ± SEM. The statistical analyses were performed using a one-way analysis of variance followed by the Student Newman-Keuls multiplerange test. P<0.05 denote statically significant differences.
Results
The results from the Oil-Red O staining and from the intracellular triglyceride assay indicate that fat accumulation was reduced by curcumin compared with 1 mM HFFA alone (Fig. 1A and B) . This effect was especially visible at 10 µM curcumin. SREBP-1c and ChREBP protein levels were clearly suppressed by treatment with 10 µM curcumin (Fig. 1C) . The results indicated that suppression of the HFFA-mediated increase of cellular triglycerides by curcumin may be associated with downregulation of the expression of lipogenic factors. HFFA treatment significantly increased the percentage of positively stained (i.e. apoptotic) cells to 80% in cultured hepatocytes, whereas curcumin co-treatment reduced the proportion of apoptotic cells to 30% in hepatocytes (Fig. 1D) . Release of cytochrome c (Fig. 1E) and Bax (Fig. 1F ) into the cytosol with HFFA was confirmed by immunoblot or RT-PCR analysis of cytosolic fraction. Curcumin significantly counteracted the HFFA-induced upregulation of apoptosisinducing factors.
We found that the p65 subunit of NF-κB was distributed in the cytoplasm in all cells before HFFA stimulation. Treatment with HFFA resulted in a marked accumulation of p65 in nuclei after 2 h. HFFA activated NF-κB in hepatocytes and curcumin was a potent inhibitor of NF-κB activity ( Fig. 2A) . We further confirmed these results by western blot analysis to probe nuclear and cytoplasmic extracts using an antibody specific for the p65 subunit of NF-κB. Treatment of hepatocytes with curcumin followed by exposure to HFFA significantly inhibited NF-κB translocation to the nucleus and returned the p65 subunit of NF-κB into the cytoplasm (Fig. 2B) .
Hepatocytes treated with HFFA showed a significant decrease of the MitoTracker Red signal, indicating the decrease of mitochondrial function compared to HFFA-free cells ( Fig. 3A) . To verify that the inhibition of mitochondria mass signal by HFFA is a relevant molecular mechanism by which mitochondrial biogenesis is affected, hepatocytes were treated with 1 mM HFFA in the presence of curcumin corcumin prevented the effect of HFFA on mitochondrial biogenesis with a full restoration of ATP levels (Fig. 3D) , NRF1, Tfam mRNA expression ( Fig. 3F and G) , PGC-1α and SIRT1 protein levels (Fig. 3H) , and the mtDNA amount in hepatocytes (Fig. 3E) . As mitochondrial biogenesis was affected by treatment with curcumin, we investigated whether these treatments affected mitochondrial respiratory complexes (MRC). We found that complex I and III activities were altered after incubation with curcumin prevented the reduction of MRC in HFFA-treated cells (Fig. 3C) . We next sought to determine whether HFFA affects ROS content and MMP. ROS levels in hepatocytes treated with HFFA were much higher than that of control cells. Conversely, HFFA led to a large reduction in MMP.
As expected, the results demonstrated that the presence of curcumin suppressed the ROS generation and upregulation of MMP expression in HFFA-treated hepatocytes. These observations suggest that curcumin can attenuate HFFA-induced aspects of mitochondrial dysfunction, including depression of the MMP and production of ROS (Fig. 3B) . The expression of two key hepatic gluconeogenic genes, PEPCK and G6Pase, increased in response to cAMP/dexamethasone (Dex) and was reduced in response to insulin. By immunofluorescence, treatment with 1 mM HFFA abrogated the insulin suppression of cAMP/Dex-mediated PEPCK and G6Pase levels when compared with HFFA-free medium (Fig. 4A and B) . Curcumin repressed the expression of PEPCK and G6Pase in a dose-dependent manner in HFFA-induced aspects of gluconeogenesis (Fig. 4C) .
Discussion
NAFLD is characterized by an elevated serum concentration of FFAs, liver steatosis and hepatocyte apoptosis (1, 2) . Excess free fatty acids may impair normal cell signaling, causing cellular dysfunction or induced lipoapoptosis (18) . Others have suggested that mitochondrial dysfunction plays a central role in FFA-induced apoptosis (19) . In this study, we demonstrated that curcumin could protect hepatocytes from FFA-induced oxidative damage and could reverse FFA-stimulated lipoapoptosis. The mechanism of action may be related to improvements in mitochondrial function and biogenesis. Our results suggest that curcumin or a similar compound could be used to treat NAFLD or NASH.
Previous study has shown that apoptotic cells undergo mitochondrial perturbations including loss of the MMP and generation of ROS (20) . In addition, the redox-sensitive nuclear transcriptional factor, NF-κB, acts as a proapoptotic factor in the pathogenesis of NAFLD and NF-κB activation plays a critical role in the pathophysiology of cytokine-mediated hypoglycaemia (21, 22) . It is therefore reasonable to suppose that the interactions between genes of apoptosis and gluconeogenesis are regulated by NF-κB. In this study, curcumin has been shown to have profound effects on mitochondrial function. Curcumin effectively prevented the loss of MMP in hepatocytes in response to HFFA challenge, suggesting that curcumin either increases the expression of a protein that acts to decrease the activity of a caspase that lies upstream of the mitochondria in the apoptotic cascade or decreases activation of the NF-κB cascade (either directly or indirectly). In fact, curcumin has been shown to act directly on some NF-κB-dependent genes (23) . We demonstrate that suppression of NF-κB enhances the ability of curcumin to rescue hepatocytes from HFFA-induced lipoapoptosis, strongly suggesting that a decrease in NF-κB activity by curcumin is at least partially responsible for this rescue of mitochondrial function. Another attractive idea is that curcumin might inhibit the decline in ATP production by affecting energy metabolism in the mitochondria. In the current study, we observed that curcumin inhibited triglyceride accumulation in HFFA-treated hepatocytes. The expression of lipogenic transcription factors (SREBP-1 and ChREBP) was also reduced. Given that ATP is required for the expression and function of the lipogenic factors, restoring the ATP levels provides a potential mechanism to counteract the inhibition of lipogenesis by curcumin.
Abnormalities in lipid metabolism within hepatocytes are still poorly understood. Accumulating evidence indicates that mitochondrial dysfunction plays a central role in the pathogenesis of NAFLD and that NAFLD is a mitochondrial disease (24) . A number of mechanisms may explain the mitochondrial dysfunction observed in NAFLD patients. One of these mechanisms is oxidative stress. ROS-induced depletion of mtDNA can affect mitochondrial function and induces hepatic steatosis (25) . The HFFA-induced decrease in the mitochondrial respiratory chain (MRC) activity in hepatocytes is partly due to oxidative stress, as treating cells with a potent antioxidant, curcumin, improved the activity of complexes I and III of the MRC. Previous studies showed that the activity of MRC complexes is decreased in liver tissue from patients with NASH (26) . In the current study, we confirm that the activity of MRC complexes I and III are reduced by 30 or 70%, respectively. These results were similar to those found in NASH patients and indicate that this in vitro model can be used to investigate the mechanisms of mitochondrial dysfunction.
Insulin resistance and oxidative stress both contribute to the pathogenesis of NAFLD and the progression from steatosis to steatohepatitis (27) . High levels of FFA in the plasma increase hepatic FFA uptake, whereas high insulin levels may increase FFA synthesis concomitant with hepatic insulin resistance in some obese individuals (28) . In our current results, the promotion of PEPCK and G6Pase expression is associated with increased expression of SREBP-1 and ChREBP in HFFA-treated hepatocytes. These processes demonstrate the close interrelation between gluconeogenesis and hepatic lipid metabolism and indicate that NAFLD involves dysregulation in lipogenesis and gluconeogenesis-mediated hepatic insulin signaling. It is known that PGC-1α is a coactivator with pleiotropic functions such as controlling mitochondrial biogenesis and function; both functions are vital links in the regulatory network for metabolic homeostasis (29) . In our study, curcumin upregulated mitochondrial biogenesis through reversal of HFFA-induced upregulation of PGC-1α levels, thereby supporting the potential utility of curcumin to improve the metabolic status in patients with fatty liver. For the first time, this study demonstrated a curcumin-mediated increase in the expression of genes regulating hepatic mitochondrial biogenesis, including, PGC-1α, NRF-1 and Tfam, and an increase in the expression of genes that commonly regulate mtDNA content. Additionally, curcumin may be involved directly in the modulation of gluconeogenesis. This observation is supported by previous studies showing that curcumin suppressed gluconeogenesis and glycemic control (30, 31) . Thus, it is reasonable to hypothesize that a curcumin-induced blockade of lipotoxicity may directly prevent mitochondrial dysfunction and gluconeogenesis. Taken together, our data suggest that curcumin may serve as a potential therapeutic approach to ameliorate the cytotoxicity of HFFA by acting through multiple pathways involved in mitochondrial function.
